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Introduction
Since its advent during World War II, the radar (radio detection and ranging) has been inextricably intertwined with aircraft radome and stealth (R&S) structures. Both in the air and on the ground, it serves a number of purposes, from tracking enemy aircraft to watching for undesirable weather. R&S structures have been the subject of intensive invest igation for aerospace/ defence related applications (Baskey et al 2017) . This rapid progress in the field of R&S technology has explored high performance composite structures like curved, multilayered, frequency selective surface (FSS) impacted and sandwiched R&S structures (Varadan et al 2010 , Carranza et al 2015 , Yang et al 2016b , Baskey et al 2017 , Szabo 2017 . However, it is quite difficult to measure the performance of such heterogeneous structures due to their design complexities. In general, the performance of R&S structures should be evaluated in terms of their electromagnetic performance and as well as non-destructive evaluation (NDE) for structural damage and defects (i.e. load bearing capability). The transmission line method (TLM) and free space measurement (FSM) based techniques can be utilized to evaluate the electromagnetic performance of R&S structures (Chen et al 2004 , Ravuri et al 2008 . TLM is basically a destructive microwave measurement technique, which can be further classified as waveguide and coaxial techniques. On the other hand, FSM is a non-destructive method, which can be categorized as single-port FSM, dual-port FSM, and arc type FSM. The compact range, far field, near field and Gaussian beam based test methods are some other widely used microwave measurement techniques for the performance evaluation of R&S structures (Chang et al 2004 , Chen et al 2004 , Kerouedan et al 2008 . A series of other conventional electromagnetic techniques for R&S structures are available in the literature (Chen et al 2004 , Li et al 2011b , Cheng et al 2012 .
An R&S structure must not only provide good electromagnetic characteristics, but also withstand various forces during operation throughout the flight envelope. In this manner, R&S structures have stringent requirements of electromagnetic characteristics as well as physical properties like mechanical properties-to-weight ratio, thickness, rain erosion resistance, impact resistance, thermal stability, etc. R&S structures possess discontinuities with size ranges from a few nm to a few mm, resulting in various undesired defects (Raja et al 2010) . Damage in R&S structures can degrade their structural integrity and decreases strength, making electro magnetic signal propagation through the damaged area difficult. However, appropriate NDE at the infant stage can reduce the risk of failure and extend the lifetime of R&S structures (Shull 2002 , Pagliarulo et al 2015 , Shin et al 2017 . Eddy current inspection, giant magneto-resistive sensors, potential drop methods, shearography, pulsed TV holography, scanning laser-line thermography, laser-spot thermography, magnetic induction topography and embedded fiber optic sensors are a few of the conventional techniques adopted for NDE of composite structures (Gu et al 1990 , Huang et al 1992 , Lu et al 1995 , Bocherens et al 2000 , Komura et al 2001 , Cerny et al 2004 , Saguy et al 2005 , Francis et al 2010 , Raja et al 2010 , Singh et al 2008 , Li et al 2011a .
Millimeter wave imaging (MM-WI) and terahertz wave imaging (THz-WI) techniques have been recognized as two of the effective techniques for composite structures (Kaatze 2013) . Such advanced measurement techniques provide a more comprehensive picture of an inspection problem (Bardak et al 2014 , Agarwal et al 2015 , Alvarez et al 2015 , Carranza et al 2015 . Here, the reflected electromagnetic signals from the target are utilized for defect detection in R&S structures. Recently, NDE has been upgraded to in situ non-destructive evaluation (INDE) by enhancing the full-scale in-service aircraft inspection (Shin et al 2017) . The laser ultrasonic propagation imaging (UPI) for Lamb and bulk waves is an example of such advanced NDE techniques employed for the NDE of R&S structures (Bae et al 2016) . The coplanar strip line resonator, open ended rectangular waveguide (OERW), eddy current pulsed thermography (ECPT) and inverse source reconstruction (ISR) techniques are other adopted techniques by the researchers for NDE of R&S structures. The electromagnetic performance and structural NDE of such complex shaped R&S structures require a deep understanding of conventional as well as advanced performance evaluation techniques, corresponding mathematical models and algorithms and associated challenges as well as issues. Therefore, in this article a new and useful insight into evaluation techniques for both the electromagnetic performance and structural integrity of modern R&S structures of different shapes and requirements is presented in detail.
Theoretical background
An ideal radome structure should be designed to transmit all the incident electromagnetic energy and reflect nothing. A radome can be treated as merely a protective cover placed in front of the antenna. Thus, a radome should be mechanically strong and at the same time transparent at the operating frequency of the particular aircraft antenna. On the other hand, stealth structures are employed to minimize the radar cross section (RCS) of aircraft, spacecraft, automobiles, ships, tanks and missiles. The mechanical strength of R&S structures also matters a lot in addition of their broadband frequency response. Nowadays, stealthy radome structures are also becoming the main choice of researchers. An ideal stealthy radome with band-pass characteristics can be employed to reduce the RCS of any antenna outside its operating frequency range (Kraus et al 1950) . Here the antenna can freely receive and transmit electromagnetic signals in the frequency range where the radome is transparent. The RCS of antenna will not be affected in this particular frequency range; on the other hand, a stealthy radome will reduce the antenna RCS for out of band frequency range. It is desirable for R&S structures to function for different angles of incidence as well as polarizations. The resonance frequency of R&S structures is greatly affected by corresponding variation in the angle of incidence.
A design with a more stable resonant frequency can be possible by the combination of dielectric and metallic surfaces.
The transmission and reflection characteristics of R&S structures can be easily understood with the help of a well known radar range equation and RCS equation (Kraus et al 1950 , Skolnik 1990 ). The free space loss (FSL) factor represents the losses due to the spherical spreading of the electromagnetic energy of the antenna system. The RCS is basically a far-field parameter, which is used to characterize the scattering property of a radar target. The RCS can be characterized as a monostatic or backscattering RCS (MRCS) and a bistatic RCS (BRCS). The MRCS of a target refers to the situation when both the transmitting and receiving antennas are situated at the same location. If the two antennas are not situated at the same location, then the BRCS can be measured. The RCS of a target is a function of the angle of incidence, the angle of the observation, polarization of the incident wave, target geometry, target electrical properties, and the frequency of operation.
Accurate measurements are necessary to establish the actual performance of R&S structures in terms of their reflection coefficient, transmission coefficient, polarization, bandwidth, thickness and resonance frequency. To accommodate such requirements, improved instrumentation and measuring techniques have been explored, such as tapered anechoic chamber, compact range, near field and far field automatic measurements. Most R&S structure measurements are carried out in an anechoic chamber or in free space in a reflectionless environment. The wall of anechoic chambers is printed with microwave absorbers in order to minimize spurious reflections from the target. The rectangular and tapered (or pyramidal) kind of anechoic chambers can be utilized for the measurement of R&S structures.
In general, the responses of R&S structures to electromagnetic fields are closely determined by the displacement of free and bound electrons by electric fields and the corresponding orientation of their atomic moments by magnetic field intensity. The concept of R&S structure and electromagnetic field interaction at microwave frequencies can be understood with the help of the well known Maxwell equations (Balanis 1989) . In general, complex dielectric permittivity (ε), complex magnetic permeability (µ) and conductivity (σ) of the R&S structure are three important factors that determine the response of a composite structure under the influence of an electromagnetic field. These parameters are quite helpful to determine the extent to which the electromagnetic field can penetrate into the R&S structure at a specified frequency range. The imposition of an electric field into an R&S surface will produce electrical currents, the amplitude and direction of which are proportional to the electric field intensity. The ways in which physical processes in an R&S structure can affect the wave electric field are described through a parameter ε, which can be mathematically represented as ε = ε′ − jε″. The parameter ε describes the coupling of the electric component of the incident wave with the R&S surface. The real part of the complex dielectric permittivity (i.e. ε′) represent the electric energy storage; on the other hand, the imaginary part (i.e. ε″) represents the loss of the electric energy. Similarly, the magnetic characteristics of composite structures at high frequencies can be mathematically represented as µ = µ′ − jµ″. The real part of the complex magnetic permeability (i.e. µ′) represents the magnetic energy storage, on the other hand, the imaginary part (i.e. µ″) represents the loss of the magnetic energy. For ferrite based R&S structures, an applied magnetic field may align magnetic dipole moments in the magnetic structure to generate magnetic polarization (Balanis 1989) . R&S structures are usually characterized by specifying their loss tangents at a certain frequency. The loss tangent is also known as the loss factor or power factor or dissipation factor. In general, low dielectric loss tangent values are required for the radome structures; on the other hand, efficient stealth structures are characterized on the basis of their high loss tangents.
The electromagnetic performance and NDE evaluation of R&S structures using microwave, MM-WI and THz-WI techniques is of great interest in the aerospace industries. The techniques based on electromagnetic field interactions with composite structures have developed rapidly due to their potential to provide a faster evaluation of R&S structures in terms of their electromagnetic performance as well as structural integrity.
The transmission line theory can be utilized for the analysis of a surface coated with microwave absorbing materials. When an electromagnetic wave travels from one medium to another, reflections take place. The reflection coefficient (Γ) is used to represent these reflections. It is related to medium impedance and free space impedance as follows (Balanis 1989) :
where Z o is the wave impedance of free space, which can be expressed as Z o = (µ 0 /ε 0 ) 1/2 = 376.73 Ω, and Z in is the input impedance at the boundary surface. If Z in = Z 0 , then zero reflections take place. This condition of Z in = Z 0 , is also called the impedance matching condition. The input impedance can be computed by assuming that the material layer thickness is small as compared to the wavelength (λ) of the incident transverse electromagnetic (TEM) wave (Balanis 1989) :
where f is the measurement frequency, d is the specimen under test (SUT) thickness, c is the velocity of light (3 × 10 8 m s −1 ), and µ and ε are the complex dielectric permit tivity and complex magnetic permeability of the SUT, respectively. It is clear from equations (1) and (2) that the reflection strongly depends on d, f, ε′, ε″, µ′ and µ″.
The phenomenon of electromagnetic induction can be explained on the basis of the skin effect or depth of penetration (Collin et al 1996) . The depth of penetration strongly depends on f, µ and σ. The skin depth decreases with a corresponding increase in the f, µ and σ. Therefore, it is important to notice that microwave techniques are not suitable for evaluating the interiors of highly conducting surfaces unless the anomaly of interest is on or near the surface of the conductor or the sample is to be evaluated is thin as compared to the skin depth (Sezer et al 2007) .
The aircraft R&S structures present a unique set of difficulties and requirements for their performance evaluation. Any variation in paint or structural thickness as well as discontinuities within the composite structure may alter the transmission and reflection characteristics of R&S structures. NDEs are generally carried out with an interrogating magnetic, electric or acoustic signal. The basic principle is an interaction of signal with the SUT and the corresponding response provides the properties of the SUT. A range of well established and standard NDE methods are available in the literature for manufacturing and in-service defect detection and their growth (Shull 2002, Kharkovsky and Zoughi (2007) . However, each method has its own merits, demerits and applications. Visual inspection, radiography, penetrant testing, infrared thermography and ultrasonic testing are a few of the traditional NDE techniques (Liang et al 2007) . Visual inspection allows a fast and simple inspection of the surface by identifying the defects using the naked eye or magnifiers. However, quantitative assessment of internal defects using visual inspection is difficult. Radiography is another typical NDE technique that results in a photographic record by an influence of electromagnetic radiations (such as x-rays or gamma rays) through an object onto a film, but this method requires special security measures because of exposure of harmful radiations. Ultrasonic testing techniques like the pulse echo technique and the through transmission technique are widely used techniques for the NDE of composite structures. However, ultrasonic testing is a contact method that employs coupling agents like mineral oil, gel or water (Dragan et al 2009) . In addition, it is quite challenging to evaluate the performance of curved structures using ultrasonic testing, but nowadays researchers have explored some advanced techniques like scanning microwaves, MM-WI, THz-WI and laser UPI, which can be effectively utilized for the NDE of R&S structures.
Overview of radome and stealth wall configurations
The nose cone in an aircraft acts as a radome for the plane's weather radar. As already discussed, an aircraft radome must be electrically transparent as much as possible with a high degree of uniformity as well. A substrate with low di electric constant such as a fiber glass sheet is generally used for the fabrication of the inner and outer surfaces of the radome, which is separated by a core. A radome must be fabricated based on the tight design specifications and the frequency band of the radar. Figure 1 depicts distinct types of radome wall configurations such as half-wave, monolithic, sandwiched and multilayered structures (Kozakoff 2010) . A halfwave radome can be designed by employing a dielectric sheet having electrical thickness equal to one-half wavelength (λ/2) inside the dielectric. This condition ensures that the reflections from the front and back will cancel each other out as they are equal in amplitude but with opposite phase (Kraus et al 1950) . The R&S structures are available in different configurations, i.e. single layer R&S (SL-R&S), multilayered R&S (ML-R&S), metamaterial structures (MMSs) and FSS based R&S structures. A brief description of such electromagnetic structures is depicted as follows.
Single layer radome and stealth structures
The transmission and reflection characteristics of R&S based structures are greatly affected by their thickness, dielectric, magnetic and loss tangent characteristics. As the name suggests, single layer R&S (SL-R&S) based structures are single layer composite structures. A variety of magneto-dielectric SL-R&S structures have been reported by researchers, but these SL-R&S structures have their own merits and demerits. They usually provide better transmission and reflection properties only for a particular frequency range and coating thickness (i.e. matching frequency and matching thickness). The major issue with SL-R&S based structures are the thickness-bandwidth trade-off, which can be resolved by adopting advanced electromagnetic approaches like multi-layering and FSSs (Baskey et al 2017 , Panwar et al 2017 .
Multilayered radome and stealth structures
Multilayered R&S (ML-R&S) structures are a layer-by-layer arrangement of SL-R&Ss in order to achieve broad bandwidth. The layer discontinuity is the major reason for the good transmission and reflection properties of the ML-R&S structures. Figures 1(b) -(d) depict sketches of a few ML radome structures. The TLM can be used for the development of ML-R&S structures. However, the optimization of such structures is still a challenge due to their complex nature. A multi-objective optimization approach can be adopted to solve the issue. The important design considerations include the selection of a suitable mat erial for an individual layer, layer preferences and corresponding coating thickness values. The fabrication of ML-R&S structures is usually complex and special care is required for that.
Metamaterial structures (MMSs)
MMSs are man-made artificial electromagnetic structures designed to have artificial dielectric and magnetic properties, and are not available in nature (Szabo 2017 (Varadan et al 2010 , Carranza et al 2015 , Szabo 2017 .
FSS based radome and stealth structures
An FSS is a periodic electromagnetic structure exhibiting different transmission and reflection characteristics as a function of frequency (Kraus et al 1950) . Such structures consist of an array of periodic metallic patches or apertures on a di electric substrate, designed to transmit, reflect and absorb electromagnetic waves based on their spatial filtering operation (Munk 1995 , Panwar et al 2017 . The high-pass (inductive FSS) and low-pass (capacitive FSS) filtering operation of an FSS results in the exhibition of total transmission and reflection near the resonance wavelength. FSSs are employed in various applications in today's technology. Perhaps the most important applications of FSSs are the design of R&S structures, metamaterial absorbers and antennas. FSS plays a significant role in order to develop a thin and a broadband R&S structure (Panwar et al 2017) . Recently, a substantial amount of research has been conducted in the field of FSS analysis for distinct practical electromagnetic applications other than stealth, such as EMI and EMC. FSS based electromagnetic structures can be broadly classified as traditional FSSs, active FSSs, fractal FSSs, multilayered FSSs, sandwiched FSSs, etc. A critical analysis of these FSS based-smart electromagnetic structures are presented in one of our recent articles (Panwar et al 2017) .
Defect classification and causes
R&S structures are easily damaged by internal manufacturing defects and various external forces. Any damage to the composite structure results in a change to the radome's signature and RCS of stealth structures. The performance of R&S structures is strongly affected by damage due to environ mental factors. Rain erosion may result in delamination and fracture of the walls of an aircraft radome subjected to extreme rain impact beyond its design load. The load is in general a function of a maximum angle of impact, rainfall rate, mean rain drop size and the velocity of the aircraft (Kozakoff 2010) . The disbond of fibreglass and foam layer results in a structural weakness and sudden collapse. In addition, the void of the delamination and disbond can become filled with water (water intrusion), disrupting the antenna radiations (Duling et al 2009) . The problem of rain erosion can be eliminated by employing rain erosion resistant paint like 'Caapcoat' (Kozakoff 2010) . The rain erosion boot can also be applied to resolve the issue of rain erosion. Lightning strikes and static charge build-up on radome surfaces are damage caused by atmospheric electricity (Kozakoff 2010) . The lightning results in a rapid and a serious threat to an aircraft radome. A lightning puncture is a common type of damage caused in radome structures due to lightning. The lightning puncture damage results in water ingestion and/or moisture absorption over the aircraft radome surface. Such damage greatly affect the transmission characteristics of an aircraft radome. The radio frequency subsystem is also affected by lightning puncture damage. However, the use of an array of lightning diverters over an aircraft radome surface can solve the problem of lightning punctures. The traditional radome structures were protected by utilizing pitot tube and diverter strips.
R&S structures wetting is another critical issue. At microwave frequencies, the transmission and reflection characteristics of R&S structures are influenced by a thin layer of water on their surface. The presence of water may further cause damage to the composite structure due to expansion and contraction of freezing and thawing water (Johnson 2008) . The thin film of water may result in signal attenuation in radome structures (Anderson 1975 , Dietrich et al 1988 . The application of a hydrophobic coating over the surface of the R&S structure can resolve the issue. The hydrophobic surface causes water to bead, and minimize the chances of signal attenuation during rain, etc. The damage due to hail and large bird strikes are also a serious kind of damage to radome structures. The internal manufacturing defects include foreign inclusions, resin rich or starved regions, inter-laminar voids and porosity, fiber misorientation, etc. Such defects result in further damage due to excess and fatigue loading (Shin et al 2017) . Figure 2 depicts an image of the orthogonal section of an antenna. Here the defect is represented by a resin-rich area evolving in between the fiber glass layers. Sometimes, low and high cycle fatigue cracks in the aircraft composite may take place due to repeated and excessive loading and vibrations (Shin et al 2016) . The aircraft structures are exposed harsh environments (temperature and moisture variations), which may lead to corrosion hidden under the paint and primer. It is very difficult to visualize this kind of defects. The presence of corrosion precursor pitting provides information about the susceptibility to corrosion initiation.
Microwave based performance evaluation techniques
Microwave measurement techniques are available in the wide band; therefore, for a range of samples, the microwave frequency can be adjusted in order to measure the whole product. The microwave signal incident on the sample can be taken as a plane wave, and the properties of the sample can be obtained from the reflection from the sample and transmission through the sample. The amount of field strongly depends on the electromagnetic properties of the SUT, coating thickness and operating frequency. In this manner, the transmission and reflection methods are based on the measurement of transmitted and/or reflected power from the SUT illuminated by a TEM wave. Further, the frequency dependent dielectric, magn etic and loss tangent characteristics can be obtained using the scattering parameters (S-parameters), such as the transmission coefficient (S 21 ) and reflection coefficients (S 11 ), by employing certain algorithms.
Transmission line based measurement methods
The transmission and reflection measurements can be performed in closed measurement cells, open ended probes or even in a free space environment. Automatic vector network analyzers (VNAs) are the basic building blocks of a transmission and reflection measurement setup. VNAs allow fast determination of S 11 and S 21 of the SUT by simply measuring the absolute value and phase of the sample signal relative to a reference signal (Kaatze 2013) . The SUT can be fitted inside a transmission line, either waveguide or coaxial line, in order to determine its frequency dependent dielectric and magnetic properties. Figure 3 shows a transmission line measurement cell with two ports (i.e. port 1 and port 2). Here, the thickness of thespecimen inserted in the fixture is represented by 'L'. The distance between the SUT and ports (1 and 2) is symbolized by 'L 1 ' and 'L 2 '. The response of a dual port microwave network can be described based on the input and output electro magnetic signals. Figure 4 (a) depicts a dual port microwave network, which can be utilized to understand the physics of reflected and transmitted electromagnetic signals. The concept of reflected and transmitted electromagnetic signals can be understood with the help of S-parameters. The scattering matrix (i.e. S-matrix) provides a complete description of a microwave network in terms of S-parameters as follows (Pozar 1989) : Krupka (2006) . © IOP Publishing Ltd. All rights reserved.
where reflected electromagnetic signals are represented by S 11 and S 22 . On the other hand, transmitted signals are represented by S 21 and S 12 . The electromagnetic signal generated in the VNA is transmitted from the transmitting port. It strikes the SUT, is partly reflected and partly transmitted from it and comes back to the VNA either through the transmitting or reflecting ports. The VNA uses the magnitude and phases of these waves to compute the four S-parameters (i.e. S 11 , S 22 , S 12 and S 21 ). The symmetry of the transmission line gives rise to reciprocity, S 11 = S 22 and S 12 = S 21 . Therefore, only the input reflection and forward transmission coefficients, S 11 and S 21 , need to be measured. The S-matrix relates the voltage wave's incident on the ports to those reflected from the ports. Figure 4 (b) shows that the parameters a 1 , a 2 , b 1 and b 2 may be voltage and current in a two port microwave network. The parameters a 1 and a 2 represents input waves at port 1 and port 2; on the other hand, the parameters b 1 and b 2 represents output waves at port 1 and port 2. The S-matrix (S) is related to the input wave (a) and output wave (b) by the following expression:
When port j is connected to a source and the other port i is connected to a matching load, the reflection coefficient at port j is equal to S jj . On the other hand, when port j is connected to a source and port i is connected to a matching load, the transmission coefficient from port j to port i is equal to S ij
5.1.1. Waveguide based measurement techniques. The in situ measurement of the electromagnetic properties of the perfect electric conductor (PEC) backed microwave absorbing structures (MASs) over a broad frequency range is an extremely challenging task for researchers. In cases where defects of the SUT is suspected, even a rough estimate of the SUT parameters is valuable to augment visible and mechanical inspection, and to correlate with the results from other field based methods (Dester 2010) . Waveguide methods have been widely reported for the measurement of structural transmission and reflection coefficient, in which a sample is placed in a suitable waveguide section (Bergo et al 2006 , Pauli et al 2007 , Guo et al 2011 , Hyde et al 2011 . Figure 5 shows a basic single port waveguide based-microwave measurement setup with a SUT of length L inserted inside the waveguide body. Figure 6 depicts two configurations of rectangular waveguide sections consisting the SUT. Here, electromagnetic signals incident on the SUT and are reflected back in terms of S 11 . The transmission and reflection based dual port waveguide methods can be employed for the simultaneous extraction of complex dielectric and magnetic properties of composite structures (Courtney 1998 , Ma et al 1999 , Al-Moayed et al 2008 . Figure 7 presents a dual port waveguide measurement setup for the extraction of frequency dependent ε′, ε″, µ′ and µ″ values of R&S materials at the X-band. The measurement setup consists of a VNA, Model No. Agilent N5247A PNA series, X-band waveguide calibration kit, sample holder/fixture and Agilent 85071E material measurement software. The material-epoxy composite mixture can be used for the preparation of a rectangular pellet SUT of dimensions 22.86 mm (length) × 10.16 mm (width) for the X-band. The S-parameters of rectangular SUT can be measured by placing the SUT in the WR-90 waveguide. The frequency dependent ε′, ε″, µ′ and µ″ values can be calculated from the measured S-parameters based on the 'ref/trans µ and ε polynomial fit model'. It is also possible to determine ε of thin dielectric structures, which do not completely fill the entire sample holder (Hasar 2009 ). The method extracts the ε from reflection using only a single-port VNA system and provides an error-free and cost-effective solution as compared to dual-port systems.
Coaxial line measurement technique.
The transmission and reflection based coaxial line measurement technique can be employed for the electromagnetic characterization of R&S structures (Ebnabbasi et al 2013 , Song et al 2013 . Figure 8 depicts a coaxial line based measurement setup consists of a VNA, coaxial line (with inner and outer conductors) and software to compute the frequency dependent electro magnetic properties of R&S structures. A 50 Ω airline can be adopted as a coaxial sample holder. The diameter of the outer and inner conductors is 7.0 mm and 3.04 mm, respectively. The thickness of the SUT is represented by t m . This method can be utilized to measure the electromagnetic properties for a broad frequency range, but the major limitation is the sample preparation. The sample used for such measurement setup is toroidal in shape, which is comparatively difficult to manufacture.
Free space measurement techniques
The waveguide and coaxial methods suffer from narrow bandwidth and typically require a specific shape to accurately examine a particular sample. FSM has no tolerance requirements for fitting the samples in the waveguide or cavity, which can become very stringent at high frequencies. The FSM setup usually consists of two horn antennas facing each other at the open end either directly or through reflecting mirrors and connected to a VNA system from the back end. The diffraction effect at the edges of the sample and multiple reflections between horn antennas can cause inaccuracies in the measurement. The inaccuracies due to diffraction from the SUT can be eliminated by satisfying the condition D ⩾ 3d, where D and d represents the minimum transverse dimensions of the plate and the beam width of the antennas at the focus, respectively (Ghodgaonkar et al 1989) . Generally, the spot focusing horn lens antennas are preferred for the elimination of diffraction effects. On the other hand, multiple internal reflections can be reduced by employing time gating and calibration. The selection of components is the first important aspect for the development of an FSM system. The selection is made based on the number of ports utilized (i.e. the one port or dual port measurement technique) and the operating frequency range.
Single port free space measurement method.
The single port FSM (i.e. SP-FSM) method is employed for the measurement of the reflection coefficient of stealth structures. A schematic of a single-port FSM setup is shown in figure 9 . The measurement setup shows the reflected signal coming out from the SUT with layer thickness (d). The SUT is backed with a PEC in order to avoid any transmission of electromagnetic waves through the SUT. FSM imposes a limit on the minimal sample size. If the sample size is much smaller than λ of the electromagnetic wave, the response of the sample to microwaves will be similar to those of a particle object. To achieve convincing results, the size of the SUT should be larger than λ of the electromagnetic wave. FSM can be utilized for the NDE of planar as well as non-planar samples. Recently, a FSM set-up has been employed for measuring the shielding effectiveness (SE) of FSS based MASs for X-band applications (Nauman et al 2016) .
Dual port free space measurement method.
The dual port FSM (i.e. DP-FSM) setup consisting of a VNA, a pair of horn antennas, material measurement software and a computer. Such a measurement strategy can be employed for the measurement of the frequency dependent S 11 , S 21 , ε′, ε″, µ′ and µ″, and loss tangent values of R&S structures at desired microwave frequencies (Ghodgaonkar et al 1989 , 1990 , Varadan et al 2007 , Awang et al 2013 . The bi-static RCS measurement of R&S structures can be carried out using a DP-FSM setup , Pan et al 2016 . The DP-FSM can also be employed to examine the effects of the surface curvature and beam defocusing on the characterization Figure 6 . Two configurations of waveguide sections containing SUTs: sample (1) filling the cross section of a rectangular waveguide with dielectric windows (2) and the slab-shaped sample (1). Reproduced from Kaatze et al (2010) . © IOP Publishing Ltd. All rights reserved. of PEC backed MASs (Rothwell et al 2013) . A compact, non-destructive DP-FSM setup has been developed at OptoElectro-Structural Laboratory of Korea Advanced Institute of Science & Technology (KAIST), South Korea, as shown in figure 10 . Here, the beam focused antennas mounted with metallic fixtures were interfaced via coaxial-to-waveguide adaptors with the VNA system. An absorber was used to absorb the electromagnetic waves in order to avoid multiple internal reflections, which may cause measurement uncertainties. Such a DP-FSM setup can also be used for the electromagnetic characterization of curved structures. The far-field focusing ability of the beam focused horn antennas is helpful in the development of an NDE system for the microwave characterization of samples in high-and low-temperature environments (Jose et al 2001) . In addition, a DP-FSM setup can also be employed for the high temperature measurement of the dielectric properties of an SUT at microwave frequencies , Hollinger et al 2000 , Varadan et al 2010 . The measurement setup consists of a high temperature furnace (up to 850 °C) in addition to a VNA and horn antennas. The temperature of the furnace temperature can be controlled with the help of a computer. The quasi-optical FSM (QO-FSM) setup without time-domain gating can be utilized for composite structural characterization at the W-band (Bourreau et al 2006) . The Gaussian optic lens antennas can be employed for the signal transmission and reception in the QO-FSM setup.
The transmission losses in the cable and antenna mismatch in the FSM can cause various measurement uncertainties. Therefore, calibration methods are very much required in order to provide accurate transmission and reflection characteristics of the SUT (Rolfes et al 2004) . The parallel and perpend icular reflection coefficients of planar SUTs at oblique incidence can be measured by employing a free space bistatic calibration (Umari et al 1991) . A calibration algorithm with unknown line-series-shunt standards can be used for the broadband S-parameter measurements (Huang et al 2008) . An LRR based self-calibration technique may be adopted for the calibration of the VNA system (Rolfes et al 2003) .
Here L represents a line element and R symbolizes a symmetrical reflection standard. The 85071E software offers an optional free space calibration routine called gated reflect line (i.e. GRL). This calibration routine increases the ease of use and reduces the costs associated with through-reflect-match (TRM) and through-reflect-line (TRL) calibration methods. The GRL calibration technique converts a coaxial or waveguide dual-port calibration into a full dual-port free space calibration. This option also includes a gated isolation/response calibration, which reduces errors from diffraction effects at the sample edges and multiple residual reflections between the antennas. In the VNA, additional ease and time saving is provided with the use of electronic calibration, which features a guided calibration wizard and results in a fast and easy calibration process. The line-reflect-match (Eul et al 1988) , line-reflect-reflect-match (Davison et al 1990) , bi-static calibration (Umari et al 1991) , line-series-shunt (Huang et al 2008) , line-network-network (Orlob et al 2013) are some other calibration methods reported by researchers.
According to the orientation of the sample in the measurement system, the electromagnetic wave signal incident to the sample may be normal or oblique to the SUT. Therefore, the transmission and reflection coefficient can be measured in both the cases: (a) normal incidence and (b) oblique incidence (i.e. the input plane wave approaches the sample from a different angle of incidence, depending on the sample position). Most of the performance evaluation techniques of R&S structures are limited to normally incident plane waves. In this manner, the effect of variation in angle of incidence can be studied with respect to the transmission and reflection characteristics of the SUT.
Naval Research
Laboratory arch free space measurement method. The Naval Research Laboratory (NRL) arch FSM is a well established measurement technique for evaluating the transmission and reflection characteristics of R&S structures over a broad frequency range. This technique was originally introduced by NRL for measuring the angular dependent microwave absorbing performance of stealth structures. As the name of the technique suggests, here the measurement system is crafted out of a physical arch consisting both transmitting and receiving antennas. The transmitting antenna is used to transmit the electromagnetic signals over the SUT, while reflecting signals will be collected by a receiving antenna. Recently, the NRL arch FSM has been employed for measuring the reflectivity of carbon nano-tube (CNT) based MASs in the range 2.0-18 GHz .
Far field test method.
The radiation characteristic in the far field (or Fraunhofer field) is an important aspect as far as practical electromagnetic applications are concerned. The performance and NDE of R&S structures can be carried out in outdoor far-field ranges where
Here D represents the diameter of the largest antenna and λ is the free space wavelength, which can be estimated based on the centre operating frequency. There are several advantages of far-field test (FFT) measurements (Kraus 1950 ).
• The measured field pattern is valid for any distance in the Fraunhofer region.
• The coupling and multiple reflections between the antennas are not significant.
• The chances of measurement errors due to the rotation of the SUT are comparatively less.
FFT can be utilized to measure the scattering strength of curved shaped R&S structures (Yang et al 2016b) . Figure 11 shows an FFT setup: a meta-skin wrapped nylon rod is placed in between two horn antennas. The distance between two horn antennas (transmitting and receiving) from the sample (i.e. L) is equal to 80 cm. During the measurement, the transmitting antenna can be fixed, while the receiving antenna can be moved in order to obtain scattered signals from distinct angles, θ, w.r.t. the transmitting antenna. The source reconstruction of far-field data can be used for defect imaging in frequency selective radomes (Persson et al 2013) . The major limitation associated with FFT is the required large distance between the antennas, leading to larger antenna ranges. Sometimes, this distance may be too large for R&S measurements in the anechoic chamber or it may result in atmospheric attenuation. Under such conditions, it is advisable to carry out the measurements in the radiating near field region.
Near field test method.
The near field region can be classified as radiating near field region and reactive or evanescent region. The radiating near field measurement is preferred as compared to reactive near field measurements, because in the reactive near field region the SUT will be located too near the antenna, which results in mutual impedance caused by reactive coupling between the antennas. Such an effect creates complications during measurement of R&S structures. In the near field test (NFT), first the electromagnetic field is measured near the antenna system and then the data is mathematically transformed to any arbitrary location (Kozakoff 2010) . Basically, the NFT is a type of microwave holography, which is based on the Huygens's principle. The near-field microwave, dual behavior resonator filters can be used for micro-crack detection and imaging (Kerouedan 2008) . NFT measurement systems are comparatively small, portable, user friendly and require low microwave power. Near field probes are very helpful to provide high spatial resolution. Moreover, a bulky antenna is not required for this type of measurement (Zoughi 2000) .
Compact antenna test range method.
The compact antenna test range (CATR) is a facility that provides convenient testing of antenna systems at frequencies where obtaining far-field spacing to the antenna under test is infeasible using traditional methods. The CATR simulates an infinite range length by producing a flat phase front with a lens, hologram, horn, array or a reflector. CATR is generally installed indoors in an anechoic chamber, but very large CATRs are carried out at outdoor ranges only. CATR is one of the most useful methods utilized by researchers for diverse practical applications (Repjar et al 1982 , Menzel et al 1984 , Parini et al 1988 , McKay et al 1991 . The CATR method utilizes a source antenna, which radiates a spherical wave front and one or more secondary reflectors to collimate the radiated spherical wave front into a planar wave front (Kozakoff 2010) .
A direct-broadcast satellite reflector antenna, without an edge treatment, has been utilized to generate the quiet zone (Chang et al 2004) . The fields due to the edge diffractions, feed spill over and other stray signals can be gated out by the impulse time-domain antenna measurement system in order to enhance the performance of the quiet zone. In the same manner, the time synchronization and pulse integration of the impulse time-domain antenna measurement system can be used for the elimination of radio frequency interference in the environment. A hologram based CATR can overcome the limitations of conventional reflector type CATR like tight surface accuracy requirements for the reflectors and high cost. The hologram CATR can be employed for the characterization of antenna and RCS measurement (Hirvonen et al 2007 , Koskinen 2005 , Lonnqvist et al 2006 , Capozzoli et al 2007 . The performance of the CATR measurement setup can be assessed in terms of quiet zone size and field uniformity. CATR mechanically collimates the electromagnetic energy, thus creating a plane wave useful for testing antennas in the far-field. In general, the physical dimensions of a compact range setup should be less than the size required for a full-size, far-field anechoic chamber. The phase and amplitude variations across the antenna under test should be less than 10° and −0.5 dB, respectively, for the characterization of radomes. The main problem associated with this method is its cost. The cost of fabrication of the specially designed reflector can be comparatively more due to the need for a precision reflecting surface.
Gaussian beam test method
Gaussian beam test (GBT) method can be utilized in the analysis of quasi-optical systems and reflector antennas. A Gaussian beam is a field whose exponential amplitude and phase have a Gaussian taper in the direction of wave propagation. The computation of edge diffraction is the major issue in GBT. A modular GBT based on a 3D-diffraction technique can be employed to handle the scattering from the reflector edge (Lu et al 2015) . The method consists of a frame based Gabor transformation, Gaussian beam reflection, and a novel 3D-diffraction method. A 160 GHz Gaussian beam microwave interferometer in low density RF plasma has been reported (Dittamann et al 2012).
Coplanar strip-line resonator
It is well known that ε of the structure greatly affects its electro magnetic performance. In addition, the knowledge of ε is also required for the NDE of R&S structures. There is no field ready method available to evaluate the electrical consistency of the composite structures. However, a coplanar stripline resonator (CSR) based advanced NDE technique can be employed to solve the issue (Johnson 2008) . A CSR consists of two parallel metal strips impacted over a printed circuit board. CSR is very sensitive to both the dielectric constant of the substrate as well as whatever material or other impurities settles over the surface of the metal strips. In general, CSR employs a sensor, which indicates a change in dielectric properties of the sample based on the shift in the resonant frequency. The shift in resonance frequency generally depends on the extent of the dielectric constant. The larger the value of the dielectric constant, the stronger the shift in the resonant frequency. In this manner, CSR can effectively inspect the defects in the R&S structures.
Open ended rectangular waveguide (OERW)
The OERW can be efficiently employed for electromagnetic performance evaluation as well as defect visualization of complex composite structures (Zoughi 2000) . Such measurement strategies are popular due to various advantageous features. Firstly, such measurements can be carried out in both a contact as well as non-contact fashion. Images with high spatial resolution can be produced; therefore, it is comparatively easy to identify small sized pits. OERW can be employed in non-uniform manual scanning for rapid microwave NDE imaging in order to produce complete synthetic aperture radar (SAR) images .
Open ended probes such as standard rectangular, tapered, dielectric slab loaded and dielectric waveguide structures can be used. Generally, tapered waveguides can provide high spatial resolution, but result in unwanted multiple internal reflections, which greatly affect the radiation efficiency (Ghasr et al 2005) . Figure 12 shows an OERW based NDE setup consisting of a VNA, open ended waveguide, scanner, scanner controller, SUT, GPIB and co-axial cables.
A MMW-OERW based probe can also used for the detection of corrosion precursor pitting (Qaddoumi 1997 , Fitzgerald 2001 , Hughes 2001 . When microwave signals interact with the defects, the phase variation of the reflected signal can provide information about the presence of defects in the composite structures. An OERW probe based NDE method can be used for the electromagnetic characterization of PEC backed MAMs (Dester 2010) . A theoretical reflection coefficient can be obtained by a full-wave solution, and then an extrapolation scheme can be utilized to minimize the errors.
Advanced non-destructive evaluation techniques

Millimeter wave imaging technique
The MM wave covers the frequency range of 30-300 GHz with a corresponding wavelength range of 10 −1 mm. MM waves possess numerous unique characteristics, which make them particularly suitable for subsurface sensing applications (Bowring et al 2008) . MM-WI waves can be utilized to interrogate and image the interiors of aircraft composite materials as they can easily penetrate inside them. Unlike sound waves, MM waves do not experience severe attenuation while propagating in free space, thus, they result in non-destructive measurements. Another important advantageous feature of MM-WI is images with relatively high spatial resolution, due to their small wavelengths. Unlike x-rays, electromagnetic radiation in the MM wave is non-ionizing and safe, and, hence, the associated imaging equipment and procedures can be readily deployed. Furthermore, unlike visible and infrared systems, passive MM-WI systems are not significantly hindered by atmospheric obscurants, like rain, smoke, fog, cloud cover and dust storms, and can even eliminate the impact of low-visibility atmospheric conditions. Figure 13 shows the atmospheric attenuation of naturally emitted black-body radiation through 1.0 km of fog, showing how low-loss bands within the MM wave region allow passive imaging even in poor weather conditions. Recent developments in the field of MM wave technology and devices, along with their more prevalent commercial availability, have focused the attention of researchers towards this frequency range for imaging and NDE applications (Sheen et al 2001, Kharkovsky and Zoughi (2007) .
The MM-WI based NDE techniques, using near-field, lensfocused, synthetic aperture focused and 3D (holographic) techniques, have been effectively utilized for various practical applications. Such methods have been applied toward inspecting a wide range of aerospace composite structures. In general, synthetic aperture MM-WI has shown great utility for inspecting the space shuttle external fuel tank spray-on foam insulation and its acreage heat tiles, as well as honeycomb composites similar to those used in aircraft radomes (Ghasr et al 2011) . MM-WI techniques, based on synthetic aperture focusing can be used for effective NDE of aerospace structures. MM-WI can detect and measure concealed di electric layers using reflection of coherent frequency scanned MM waves (Bowring et al 2008) . This can be achieved by measuring Γ of the object as a function of frequency. This technique is able to detect and monitor the multi-layers of dielectrics through their microwave optical properties. A typical MM-WI measurement setup consists of a VNA, active harmonic generator, horn antennas with a focusing dielectric lens and corre sponding connecting accessories. The MM wave power can be directed to a sample surface at various angles of incidence. The rectified MM wave signals from the detector can be fed through a coupled amplifier to the data acquisition board input of a laptop. This MM wave scanning and detection system is able to scan at a rate of 1 ms per sample in order to obtain a dataset of 256 or more points. A typical 3D-scanning di electric probe MM-WI system consists of a millimeter wave GUNN diode oscillator, Schottky diode detector, dielectric probes, an xyz-stage, and an automatic scanning and image processing system, as shown in figure 14(a) . The polarization of the radiated wave can be measured using a reflective polarization measuring system as shown in figure 14(b) .
The scanning dielectric probe MM-WI measurement setup can be transformed into a reflection type scanning dielectric probe MM-WI, which can be employed for NDE of composite structures (Kume et al 2008) . Figure 14 (c) depicts the measurement setup for a reflection type scanning dielectric probe MM-WI system. A list of other MM-WI systems reported by researchers is presented in table 1. The MM-WI technique can also be employed to extract the ε data of lossy liquids in the range 26-110 GHz. Such data can be incorporated in a number of numerical weather prediction models and microwave and MM-WI instruments (Lamkaouchi 2003) . To obtain a high-resolution image of large area samples in a short duration of time is very much required for a good imaging system. However, the use of a fast scanning platform, a fast-responding transceiver, and the proper communications software capable of accommodating both, can be very helpful in this direction. MM wave active imaging plays a significant role in the field of microwave engineering due to its variety of applications. However, a serious problem associated with MM wave • Broadband, small, and cost-effective reflectometer Ghasr et al (2014) • Enables production of image slices at different depths Commercial plasma display based MM-WI
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• Raster scanning system with reflection and transmission modalities Jia et al (2016) • Better spatial resolution, high power and good penetration of W-band circuits is their lossy nature and costly amplifiers. Therefore, the envelope phase detection technique can be utilized, where MM waves can be detected without amplification just after being received at the antenna (Radenamad et al 2011) .
Raster scanning is basically a slow process, and in addition requires bulky, slow and expensive scanning platforms. However, such limitations can be eliminated with the help of an array of probes. A significant amount of time can be saved during the image acquisition process by using an imaging array instead of a single probe. In addition, cost-effectiveness is an important advantage of the 1D-imaging array as compared to a 2D-imaging array. The 1D-imaging array provides a cost-effective and complexity-free solution for many NDE applications. Based on such advantageous features, a linear 1D-MM wave array based imaging system has been reported . The basic schematic diagram of a 1D-imaging system is shown in figure 15 . The imaging setup consists of a transmitter (T x )/receiver (R x ) array configurations. The radio frequency circuitry generates the electric field, which is transmitted by the slot antennas in the T x array one at a time, illuminating the object to be imaged. The slot antennas in the R x array collect the scattered electric field synchronously with the T x array.
Here the switching operation was performed using switching elements like PIN diodes. The imaging array operates in quasi-mono-static reflection mode, which results in a coherent vector reflection coefficient data for the generation of high spatial resolution SAR images. The role of a field programmable gate array (FPGA) is to generate the modulation signal and to control the sequential electronic scan on the array. The FPGA then transfers the collected data to a computer to perform other required operations on the collected data such as calibration and image formation. Such techniques provide a fast electronic scan and greatly reduces the scan time as compared to raster scanning.
There is also the possibility of developing a cost-effective MM-WI system using a commercial plasma display (Brooker et al 2015) . The detection mechanism for glow discharge detectors (GDDs) at MM wave bands can be explained by cascade ionization in which the energy of the electrons in the plasma increases due to the electromagnetic radiation, results in an increase in the current density. The strong applied electric field accelerates signal electrons sufficiently to generate an avalanche effect, which results in an amplification of up to 10 6 . Table 2 lists distinct practical applications of MM-WI based systems.
Terahertz wave imaging technique
THz waves occupy a frequency band of about 0.1 THz to 10 THz lying between the microwave and infrared regions (Hu et al 1995 , Dobroiu et al 2006 . This region of the electromagnetic spectrum has been the least explored compared to other regions due to technical difficulties involved in making efficient and compact THz sources and detectors , Wu 2012 . Electronic detectors such as Schottky diode based-detectors provide the phase information, but suffer from the skin effect at THz frequencies. On the other hand, a photon detector such as a bolometer effectively measures thermal background noise, but does not providing phase information (Duling et al 2009) . Nowadays, THz-WI has become a valuable tool for NDE as new laser sources and detectors are launched onto the market. The sub-millimeter wavelength, non-destructiveness and transparency of common materials, are a few unique characteristics of THz waves, which makes them suitable candidates for NDE (Siegel 2002 , Juuti et al 2009 , Hou et al 2011 , Fukasawa 2015 . The spectrum peak of the THz wave of most conventional THz sources such as photoconductive antennas or electro-optical emitters is about 1 THz. In addition, the spatial resolution of THz imaging is limited to several hundred micrometers (Chen et al 2001) . The basic principle of THz-WI is based on the fact that the transmission and reflection characteristics of objects lead to THz scattering, which greatly affects the electric-field intensity distribution. The location of internal defects over the object can be identified on the basis of different luminance distributions . THz-WI measurements can broadly be divided into active or passive THz-WI. The passive THz-WI, employs a small 1D-array of detectors to measure the THz radiation, in contrast, active THz-WI utilizes both a THz source and a detector. The pulsed or time domain based-active THz-WI measurements provide better target information, highest signal-to-noise ratio (SNR) without any range ambiguity. Pulsed THz-WI provides structural information and the spectral or material composition of the sample, owing to changes in the spectral contents of the reflected THz waves. The fibre-optic coupled pulsed THz-WI measurements provide a compact, rugged, powerful and highly flexible system for implementing a broad range of THz measurements (Duling et al 2009) .
Pulsed THz-WI is widely adopted for NDE applications in the aerospace and military sectors including radome structures (Duling et al 2009) . It is possible to scan the wide area of radome (affected by delamination and water intrusion) using THz waves. In a THz-radome inspection system, the scanner is connected to the main control unit with the help of a fibreoptic cable. A scanner with 15 cm scan width can be rolled across the radome surface at a speed of 12.7 cm −1 . In this manner, a THz-radome inspection system can be effectively adopted for the collection of regular health history of radome Gumbmann et al (2011) structures. NASA has also utilized reflection based timedomain THz-WI to examine the interface between the space shuttle external tank and spray-on-foam insulation. Pulsed THz-WI is not only utilized for the observation of the variation in reflectivity of the pigments, but can also be employed for the mapping of the inter-layer structure of art/paints. It can reveal hidden structures, the examination of which is impossible without destroying the artwork. THz-WI methods can also be classified as coherent and incoherent THz-WI methods. Tomography, electro-optic sampling, imaging and time-domain spectroscopy based methods fall under the category of coherent THz-WI, on the other hand, continuous wave THz-WI (CW-THz-WI) is an incoherent method (Hu et al 1990 , Nahata et al 2002 . Time domain measurements are well known more broad bandwidth and good resolution, but suffered from low intensity due to the longer scanning time for the objects. The CW-THz-WI system is a simple, fast, compact and cost effective method, but is unable to provide either time-domain or frequencydomain information of the target as a fixed-frequency source and a single detector is employed (Karpowicz et al 2005) . In general, there is a need for fast, cost-effective and roomtemperature operated THz detectors for THz-WI. Golay cells, Schottky diodes, and pyroelectric detectors are three important types of THz detectors, but are comparatively expensive (Maestrini 2004 ). However, a GDD based THz wave detector can efficiently be employed for THz-WI applications due to its advantageous features such as low cost, room temperature operation, broad spectral range, fast response time and large dynamic range. Earlier, GDDs were used for microwave and MM wave detection, but recently their applications for higher frequencies within the THz band of the electromagnetic spectrum have been reported (Hou et al 2011) . Figure 16 depicts a schematic diagram of a GDD based CW-THz-WI setup (Hou et al 2011) . A Gunn diode emitting a 0.2 THz beam has been utilized as a THz source. The beam is focused on the sample by a 66 mm focal length high-density polyethylene (HDPE) lens. After being transmitted through the sample, the THz beam is focused on the electrode gap of the GDD by another 66 mm focal length HDPE lens. A metal reflector is used on the GDD surface, which increases the signal by reflecting and focusing the THz wave on the electrode gap. A direct current power supply is used for the biasing of GDD to break down the inert gas. The current through GDD changes with an increase in ionization rate of the gas due to the incident THz radiations. The lock-in-amplifier is employed to measure the alternating current signal separated from the direct current bias using an alternating current coupler. The signal quality can be improved by eliminating the noise using a filter and an amplifier. The raster scanning of the sample has been carried out using a motorized scanning stage.
The near-field THz-WI techniques can be used to improve the spatial resolution of THz-WI (Hunsche et al 1998) . The high-pass filtering of the THz signal due to the waveguide effect, bandwidth issues are two major problems associated with such techniques. However, the use of a semiconductor dynamic aperture for near-field THz-WI can solve the problem (Chen et al 2001) . There is no requirement for the physical aperture in the case of a semiconductor dynamic aperture based near-field THz-WI method. The near-field THz aperture can be realized using a transient photo-carrier layer induced by an optical gating beam. The size of the photo-carrier layer can be determined by the focal size of the optical beam. A CW spectroscopic THz-WI system can be developed using InGaAs bow-tie diodes at room temperature (Kasalynas 2013) . Figure 17 depicts the measurement setup, consisting of an optically pumped molecular THz laser, reference detector (D1), signal detector (D2) and mirrors (M1-M4). Table 3 shows various other THz-WI based systems reported by the researchers. Figure 18 depicts a typical measurement setup for freespace coherent broadband THz time-domain spectroscopy (Han et al 2001) . The major components of the measurement setup are a laser, a THz emitter, a THz detector, focusing and collimating parts for laser and THz optics, a chopper, a motorized delay line, a lock-in amplifier and a data acquisition system. The laser pulses can be divided into the probe and pump pulses. A single cycle burst of 1 ps duration from an emitter can be produced with the help of pump pulses. In THz spectroscopy measurements, an object is exposed to the THz pulses. An image of the object can be collected by moving the object in the plane perpendicular to the THz beam. The laser probe and THz beam simultaneously arrive at an electro-optic sampling detection system. As per the Pockel effect, a THz wave electric field modulates the polarization ellipiticity of the optical pulses passing through the electro-optic crystal.
Eddy current pulsed thermography
Thermographic techniques play a significant role in the NDE of composite structures (Sfarra et al 2012 , Pawar et al 2013 , Sharath et al 2013 , Boccardi et al 2016 , Yang et al 2016a . Pulse and lock-in thermography are two common techniques reported by researchers (Meola et al 2004) . An ECPT based measurement technique combines both eddy current and thermography • Good tolerance with respect to frequency instability Phase-sensitive single-pixel THz-WI 690 GHz
• Cost-effective and accurate imaging system Saqueb et al (2016) • Measurement speed as fast as 0.2 ms/pixel • Accurate reconstruction of both intensity and phase images using intensity-only measurements in the THz band • Images with superior contrast for the detection and separation of impact damage (Ramdane et al 2010 , Yang et al 2011 , Ren et al 2013 , Yin et al 2013 , Liu et al 2014b . Here a high current electromagnetic pulse interacts with the sample, which results in heating of the sample due to the induction of eddy currents. The presence of defects distorts eddy cur rent propagation, which results in a variation in sample temper ature that can be emphasized by thermography (Meola et al 2004) . The quantitative NDE of non-homogeneity of the sample can be evaluated using mixed phenomena of induction heating dominating the heating phase and the diffusion of such dominance in the cooling phase. The phenom enon of electro magnetic induction can be explained on the basis of the skin effect.
As compared to laser and flash thermography techniques, ECPT not only focuses the heat generation on defects on the surface, but also on the sub-surfaces. µ and σ are two basic parameters for the consideration of ECPT. This measurement technique also allows area imaging of defects without scanning. In addition, it is not only utilized for magnetic and non-magnetic metals, but also for reinforced composites with weak conductivities. Figure 19 depicts the block diagram of an ECPT measurement setup. Here eddy currents are induced due to the current in the coil, resulting in the generation of heat in the conducting material. The presence of any kind of defect in the conductive material will lead to obstruction of the heat diffusion phenomenon. The variation in the temperature distribution on the material surface will be captured by the infrared camera.
Fatigue damage characterization is a very challenging task; however, NDE of early contact fatigue at different intervals of the loading cycle can be carried out using an ECPT measurement setup. The degree of fatigue damage can be characterized using a thermo-optical flow entropy tracking method . In addition, the quantitative information of defects, i.e. length, depth and angle are very much required for proper imaging of structures. The quantitative NDE plays a significant role for the proper visualization of defects with corresponding quantitative information about defect geometry. The nor malized cross correlation method (NCCM) can be employed for the visualization of interaction of heat with a defect (Al-Qubaa 2010) . NCCM is basically a full-field image analysis technique and gives correlate pattern information from image sequences. The relationship between the defect dimensions and orientation can be estimated using the direction of heat propagation in the scan area. This method provides clearer and faster information about defect geometries. The influence of angular defects on heat distribution can be studied using NCCM in order to provide a quantitative defect characterization. Nowadays, researchers are investigating a realtime 3D-thermography method, based on 3D-scanners, for the NDE of composite structures (Hellstein et al 2016) . Here, results are depicted in the form of 3D-thermographs, where the temper ature is mapped on a 3D-model reconstruction of the target. Similarly, other thermography methods such as scanning laser-line thermography and laser-spot thermography can be employed for crack imaging in the composite structures (Li et al 2011a) .
The defect depth quantification is one of the useful applications of quantitative NDE. The pulsed thermography method has been widely reported in the literature for the depth quantification. The defect size is a one of the most important parameters that affects the measurement performance of any system. There may be a change in heat diffusion rate due to discontinuities and defects (represented by cold or hot spots), which results in a corresponding variation in surface temperature distribution. Therefore, the effect of defect size can be studied, which is very much required for a basic understanding of the heat diffusion mechanism. Based on the defect depth and peak time, various methods have been reported by researchers for depth quantification (Ringermacher et al 1998 , Zeng et al 2012 , Sharath et al 2013 . In addition, a theoretical approach for the quantitative surface crack depth evaluation can be performed using heat transfer modeling (Streza et al 2013) .
Scanning free space measurement setup for defect visualization
Often, it is important to identify the location of prominent scatters of the complex shaped targets in addition to the transmission and reflection coefficients. The target needs microwave imaging to find out the prominent scatters also known as hot spots of the target. The microwave imaging is basically the spatial distribution of scattering in two dimensions to identify and isolate individual scattering centres. Such an approach can effectively be adopted in order to visualize the complete electro magnetic behavior of R&S structures. The FSM setup can be interfaced with a scanning system to measure and visualize graphically the electromagnetic response and defects in R&S structures. The schematics of a single port and dual port scanning FSM (SFSM) setup are shown in figures 20 and 21. Such apparatus can illustrate a potential application in characterizing both planar as well as curved structures. From the measured mappings of the microwave field, the visualization of spatial and physical process, and quantitative characterization of transmission and reflection coefficients can be obtained in a quite efficient manner. Using such an approach, one can not only visualize the significant effect of microwave absorbing coating on the propagation of the microwave, but also gives a very accurate quantitative test on its performance in a quite different way. The automated scanning and data acquisition process can be controlled by a computer via both a GPIB and RS-232 interface.
In order to have full imaging information, the sample can be scanned in two orthogonal directions, i.e. horizontal (along the width) and vertical (along the height), such that the sample is covered completely, as shown in the figure 20. The S-parameter readings of these two types of scans viz. A scan and B scan can be obtained. The complete C scan is a 3D matrix, with each cell entry representing intensity values as a function of particular down range, cross range and height index. Data acquired in this way undergoes several signal processing steps to extract full information of the target.
The antenna motion induced microwave imaging provides freedom to rotate the antenna. Based on horizontal and vertical polarization, the frequency dependent S-parameters can be measured as well as visualized. The movable driven carriage can be used for this purpose, having provision for configuring horn antennas for transmission and bistatic microwave measurements. The angle and position of the antennas can be assured with the help of an automatic driven positioner. As the antenna moves, at fixed intervals transmit, receive and store operations can be completed. The stored signals can be summed to generate signals equivalent to those received by a physical aperture. The microwave image is generated by processing and sampling of the received signals scattered from the target at distinct viewing angles.
The effect of sample tilt angle can be studied by rotating the sample at different positions, say angle θ 1 , θ 2 ,… and so on, while keeping the antenna stationary. Such a study can provide other research perspectives in terms of a complete evaluation (i.e. electromagnetic performance and NDE) of the R&S structures as reflectivity due to the different scatterers of the target can be considered here. The measurement can be made with reference to the target's rotation and range. The single pixel of the image will be equivalent to the area covered by the diameter of the horn antenna. Such study can effectively be employed for both planar as well as curved R&S structures.
PZT sensing laser ultrasonic propagation imaging
Non-contact and remote ultrasonic generation, good compatibility with ultrasonic sensors, high spatial resolution, no requirement of adjustment of the incident angle of laser beam, etc are a few advantageous features of laser based ultrasonic techniques. The PZT sensor based laser UPI plays a significant role in radome health management (RHM) . The RHM system consists of in-flight damage detection and ground damage evaluation processes. Figure 22 shows a schematic of an RHM system for a jet fighter pod radome structure. The measurement system is divided into an on-board system and a ground subsystem. The on-board subsystem consists of an acoustic emission event logger and six acoustic emission sensors (i.e. PZT based sensors) with a centre frequency of 300 kHz and an integrated amplifier. The function of the on-board subsystem is to detect and record acoustic emission events like impact and material failure in the R&S structures.
During the ground inspection operation, the laser pulses are launched from a Q-switched continuous laser (having a wavelength of 1064 nm) towards the laser mirror scanner (LMS). The LMS consists of two laser mirrors mounted on a galvanometer. The function of the LMS is to deflect the laser pulses to the R&S structure. The laser beam impingement on R&S results in the generation of an ultrasonic wave. The material on the R&S surface experiences local thermal expansion during the laser pulse illumination. On stopping the laser illumination, the R&S material cools down and contracts rapidly. The ultrasonic wave in the R&S structure is produced due to the expansion-contraction of the material . The acoustic emission sensor connected to the ground subsystem acts as an ultrasonic receiver. These ultrasonic signals can be captured using a digitizer and then processed with the help of certain algorithms like wavelet-transformed ultrasonic propagation imaging, ultrasonic spectral imaging, etc.
Full-field pulse-echo laser ultrasonic propagation imaging
The pulse-echo ultrasonic propagation imaging (PE-UPI) is an advanced NDE technique that combines the pulse-echo technique and the ultrasonic propagation imaging technique. A full-field PE-UPI (FF-PE-UPI) measurement system utilizes a laser Doppler vibrometer, a Q-switched continuous wave laser with a wavelength of 1064 nm, a two-axis translation stage and a laptop for control and image processing, as shown in figure 23(a) . The scanning pattern and scan representation (A scan, B scan and C scan) is shown in figures 23(b) and (c). Such a non-contact, in situ NDE technique can be employed for the visualization of radome structural defects (Shin et al 2017) .
The detailed excitation and sensing principle of the FF-PE-UPI technique is depicted in figure 24 . It is shown that the two laser beams impinged by the laser Doppler vibrometer and Q-switched continuous wave laser scan along a raster-scanning pattern. The impinged laser beam results in a thermo-elastic wave on the object surface. These waves propagate through the thickness direction and reflect off the internal structures. The laser Doppler vibrometer can be used to receive the waves and in-line band-pass and numerical filters can be utilized to filter the acquire signals. The NDE of curved surfaces using FF-PE-UPI is a very difficult task. However, this particular issue can be tackled with the help of an image processing algorithm, i.e. ultrasonic energy mapping (UEM) and a curvature-compensating subtraction based imaging method (Shin et al 2017) . UEM is a wave number based damage visualization method, and visualizes the energy of scattered waves filtered as a single wave mode in the direction opposite to the incident propagation direction (Flynn et al 2013) .
The ISR method
The ISR method has great potential in radome diagnostics (Persson et al 2013) . In general, the field components of an antenna can be computed simply by using the sources of the electromagnetic fields. However, there is the possibility to utilize an inverse source problem, where an electromagnetic field is known, and the cause of the radiation is unknown. The key challenge is to reconstruct the sources, and to back propagate the measured field components close to the surface.
The ISR based NDE method is based on a surface integral representation together with the extinction theorem. A measured far field followed by an equivalent surface current approach can be adopted to obtain tangential field components on the surface of a frequency selective radome structure. The purpose of doing so is to localize the defects on the FSS lattice. Figure 25 sketches the radome geometry and standard 18in slot antenna setup. The polar and azimuthal angles are used to illuminate the surfaces of an aircraft radome. The computational complexity can be reduced by the presence of axial symmetry in the measurement setup. Here reconstruction is carried out on a fictitious surface in free space, located outside the physical surface of the radome. The ISR method is used to identify defects such as metal patches, dielectric patches and dislocations in FSS based radome structures. Any change in the electromagnetic field results in an unwanted deviation in the far field data, transmission characteristics, side lobe level and beam deflection. The causes of such deviations can be easily understood by the ISR method.
Lightning strike and bird strike test methods and facilities for airborne radomes
Airborne radomes are natural targets for lightning strikes and bird strike based major damage mechanisms because they are mounted on the extremities of the aircraft. Therefore, special attention must be given to preserve them from the harmful effects of lightning and bird strikes.
Lightning based damage mechanisms
The conducting radar antenna housed within non-conducting plastic radome is the primary source of ionized streamers generated at the aircraft nose due to a high stress field. Such an intense electric field results in punctures and pinholes at the radome surface. Since the radome is usually constructed using low dielectric constant materials, the radome dielectric strength is not sufficient to withstand these lightning flashes, which results in serious damage. The damage mechanisms can be divided as direct and indirect damage. Direct damage refers to physical harm to the aircraft such as dielectric punctures, structure blasting, etc. These effects are generally caused at lightning attachment points, along the current flow paths and hang on locations. Such effects include high voltage and high current related damage to the radome structure. On the other hand, indirect damage is caused due to the strong electromagnetic fields of the lightning. Such damage refers to the lightning current flowing through the skin and the body of the aircraft structure inducing strong electromagnetic fields. Such effects may result in permanent damage to the radome as well as other electrical and electronic components. A lightning strike at a distance away from the radome may also result in indirect damage. The strength of a local electric field is utilized to control these two damage mechanisms.
A standard lightning test setup with corresponding optical waveform generated by spark is shown in figures 26 and 27, respectively. On the other hand, antennas used to discriminate between lightning and non-lightning sources of the induced current are depicted in figure 28 . The tests are one way to describe the aircraft resistance to the lightning effect. Generally, tests need to be conducted in a very effective manner. A minor issue may result in unrealistic results. A series of test methods are available for examining the lightning effects. High voltage tests (HVTs) and high current tests (HCTs) can be carried out to demonstrate the resistance to direct effects. On the other hand, equipment and system tests can be employed for demonstrating resistance to indirect effects.
High voltage tests (HVTs).
HVTs are performed on a test configuration consisting of the radome, the antennas housed in the radome and a mock-up of the aircraft structure. Such tests are accomplished by exposing the radome to high voltage discharges. HVTs are carried out with standard voltage waveforms, which depict the electric field variation during the lightning strikes. The main aim of such tests is to examine the dielectric parts of the aircraft (like an airborne radome) to possible damage. In addition, such tests can be employed to compute the zoning of the aircraft. The tests on radomes are carried out using two voltage waveforms.
• The slow waveform, depicting the slow variations of the electric field.
• The fast waveform, representing the fast variations of the electric field.
The detailed pictorial description of these waveforms is available in Lago (2014) . In such tests, an arc of certain meters is produced. The current flowing in such arcs is limited to a few thousand of amperes. HVTs simulate the high electric fields that exist around the radome. The corona/streaming test and attachment point test are two widely used HVT based testing strategies.
High current tests (HCTs).
The aircraft forms a part of the total lightning path, when struck by lightning. Lightning is basically a pulse current flow between the attachment point and exit points of the aircraft body. This total event generally comprises of several current pulses with different peak current, rise time and charge transfer duration. HCTs are performed according to the normative current waveforms. These waveforms allow reproduction of the power and energy corresponding to each zone for the evaluation of thermo-mechanical damage. The arc attachment and current conducting tests are common test categories utilized for this purpose. In an arc attachment test, arcs are produced to examine the behavior of the structures. The current conducting test produces a flow of the current within a structure.
Lightning indirect effect (LIE) tests.
Lightning indirect effect (LIE) tests apply to the systems for which protection is needed. The basic types of aircraft LIE tests are classified as impulse current injection tests and swept frequency tests. The main target of indirect effects tests is to find out the actual transient levels, which can be utilized to obtain the engineering data to verify the lightning protection design. The main steps in the lightning protection design for an aircraft are as follows :
• Lightning strike point identification.
• Internal and external electromagnetic field environment characterization.
• Induced voltage and current identification.
• Validation of aircraft lightning protection design.
A typical test configuration includes an aircraft, the impulse current generator, the ground plane and a 0.6 Ω resistor connecting the aircraft with the ground plane . The function of the resistor is to eliminate the quarter wavelength transmission line resonant response. The typical testing strategies incorporate distinct kinds of current entry and exit points. The primary goal of such tests is to find out the internal electromagnetic field. The knowledge of electro magnetic field characteristics produced by lightning discharges is required for examining the effect of the potentially deleterious coupling of lightning fields to radome. The measured electric and magnetic fields can be utilized for the estimation of distinct lightning parameters and for testing lightning models.
The airborne radome structures can be protected from lightning effects by providing an electrostatic shield over a radome surface (Amason et al 1970) . Such shielding can be provided with the help of conducting strips impinged on the outer surface of the radome. The function of these conducting structures is to reduce the steamers from the antennas enclosed inside the radome while providing a new source of streamers outside the radome. Lightning can then attach to these streamers and travel down the conducting strip to the fuselage without harming the aircraft antennas. A thick metallic layer will be helpful to attain a reasonable resistance against lightning strikes and take care of lightning current without melting. Such a metallic screen also protects against the entrance of the electro magnetic energy into the electrical wires of the aircraft. In addition, some sophisticated lightning protection devices can also be engineered to cope with a direct strike of lightning.
Bird strikes testing and prevention strategies
The term 'bird strike' indicates the collision between an aircraft front facing part and a bird. Bird strikes are a major threat to airborne radome structures, and may result in serious structural damage. Therefore, a lot of research is required in the development of bird strike testing and prevention approaches. An extensive review of computational techniques for bird strike simulations (i.e. virtual tests) has been presented by Heimbs (2011) . The UGent bird-strike test set-up (or Ghent University bird strike set-up) consists of a projectile (or sabot) with a gelatine bird, the stripper, the pressure vessel and test chamber (Allaeys et al 2017a) . In addition, there is a provision of three lasers with photodiodes. These lasers are mounted on the opposite side of the test chamber. The set-up is able to shoot birds up to 42 kJ. The sabot is mounted in front of a pressure vessel and is released at the required pressure. Birds can be launched at speed up to 250 m s −1 with a weight of 4 lb. The same research group has introduced bird strike calibration tests (Allaeys et al 2017b) . Such initial testing strategies provide an insight into the complex behavior of a bird. The bird strike tests have been performed on three different types of targets (i.e. a splitter, a wedge and a plate). Based on the momentum transfer, birds can be compared with distinct materials, masses and speeds, etc. The design and testing of a fiber-metal-laminate bird strike resistant leading edge has been introduced (Guida et al 2009) . Liu et al. reported an experimental setup of bird impact with a flat plate (Liu et al 2014a) . Two kinds of plate have been employed for the measurement: aluminium alloy (with thickness of 10 mm and 14 mm) and steel plates (with thickness of 4.5 mm and 8 mm). The total dimensions of the plate was 600 mm × 600 mm. Here plate was bolted to a clamping fixture. A total sixteen groups of experiments were conducted at bird impact velocities of 70 m s , respectively. The displacement and strain measurements were captured at a sample frequency of 10 MHz using a 12-channel data acquisition system. Laser displacement sensors were incorporated for the displacement measurement. During the test, nine strain gauges were employed for the recording of displacement and strain. A killed domestic chicken with a mass of 1.8 kg was used as the bird.
Recently, a novel design has been introduced for reinforcing the aircraft tail leading edge structure against bird strikes (Liu et al 2017) . The experimental test set-up consists of a bird, velocity sensors, pressure chamber, valve, air storage and data lab. The gas gun unit comprises a compressed air gun with corresponding compressor, instrumentation and control units. The bird strike tests was carried out using a dead chicken of 8 lb with a speed of 250 kts, which hit the leading edge bay in composite (Guida et al 2011) . The test set-up consisted of an air cannon bore, velocity measurement device, test article, test bed, high speed camera, load cell and safeguard screen.
A high velocity impact test platform for bird strike has been introduced (Barriere et al 2015) . This test platform consists of a large-diameter gas gun with fast opening valve. This gun can launch a 2 kg projectile at a speed of 190 m s −1 at less than 20 mbar pressure. A stereo-correlation device consisting of a high speed camera and a large scale target with the coarse speckle pattern was also employed. An inexpensive simulated bird strike test method has been developed to predict the dynamic impact response (bird strike resistance) of aircraft (Colvin et al 1990) . The test utilizes an instrumented pendulum with a weighted striking head. The striking head was designed in order to maintain a constant moment arm distance between the striking point and the sample base. The energy transferred from the striker's head to the test specimen was monitored with the help of two independent transducers. The strain in each test piece was measured using a strain gauge. An accelerometer was employed for the measurement of deceleration (negative acceleration) of the weighted pendulum. The high frequency resonant vibrations of the pendulum and test stand were eliminated by incorporating a rubber piece in between the accelerometer and striking pendulum.
Recently, a high resolution, MM wave W-band radar system has been designed for the detection and imaging of the airport movement area (Galati et al 2016) . The bird strike prevention and intruder detection are more recent potential applications of the MM-WI system. The better signal reconstruction and resolution is a result of increased sampling frequency and digital sampling width. An automated bird-monitoring system can be designed for the detection and categorization of bird species (Yoshihashi et al 2015) . An image dataset can be constructed as a benchmark for ecological investigations of birds. Barnes et al. reported an overlap scan method for improved 3D radome characterization (Barnes et al 2007) . Special audible radars were employed, which can help the birds to notice the aircraft sooner and get out of the way in order to avoid any collisions. It is also possible to utilize a 'dizziness beam' using special modulation on the radar. Table 4 presents a list of distinct algorithms utilized for the NDE of composite structures. An artificial neural network based sensor system can be utilized for the microwave characterization of thin samples and dielectric sheets (Panda et al 2016) . The data reconstruction algorithms are very helpful in order to provide high quality SAR images without any background noise and image artifacts (Case et al 2012 . A 3D-SAR algorithm employs non-uniform fast Fourier transforms (Song et al 2006) . The spectral estimation techniques can be utilized to reduce uneven brightness and image artifacts. A novel reconstruction method has been adopted that can provide an inherent spatial information about the data, resulting in a superior data reconstruction and final SAR image. SAR based algorithms can be categorized as forward SAR, reverse SAR and inverse SAR based algorithms. The background clutters affect the defect detection; therefore how to decrease the background clutter is a very important aspect. The filter and regression methods are commonly employed background suppression methods (Yang et al 2004 , Wang et al 2009 , Gu et al 2010 . The filter methods act in frequency and space domains, but such methods are interfered by background clutter fluctuations. Regression methods can be utilized for background prediction and suppression. Regression methods can be categorized as linear and nonlinear methods. A robust Kernel regression algorithm can be utilized for the passive MM-WI target detection . The performance evaluation of an imaging system can be carried out using an optical transfer function, a modulation transfer function and a point transfer function . Image quality can be evaluated using the image SNR and noise equivalence reflectivity difference. The principal component and independent component analysis techniques can be employed for impact damage detection . A finite element method can be used for the computation of defect depth by identifying the defect blind frequency (Valle et al 2015) .
Application of dedicated mathematical models and algorithms
A curvature compensating subtraction algorithm consists of three main steps. The first step is to choose a reference freeze frame and a target freeze frame. The target time frame FDTD Hirvonen et al (2007) basically consists of the local damaged amplitude distribution.
In the second step, some coefficients are determined, which are applied to the amplitude of the reference freeze frame in order to match with the target freeze frame. There is a strong relationship between the reference time frame, i.e. A (x, y, t ref. ) and the signal amplitude of the target time frame, i. 
In the final step of the curvature-compensating subtraction algorithm, the shadow effect due to surface curvature is reduced by subtracting the signal amplitude map of the damage-detected target frame from the amplitude map of the matched reference frame. Recently, in 2016, the absorption cross section of an arbitrarily shaped electrically large object was carried out in a reverberation chamber (Calberg et al 2004 , Xu et al 2016 .
Issues associated with the performance and non-destructive evaluation of radome and stealth structures
The phase curvature and amplitude taper greatly affect the main beam of the antenna; on the other hand, ripples deteriorates the side-lobe measurement accuracy. The insufficient distance between the antennas may result in the phase curvature and amplitude taper. The amplitude and phase ripples may take place due to the reflections from the surroundings. The ripple length may be of the order of a wavelength. Sometimes, even small reflected waves may result in a large measurement error because the fields of the wave are added. The impedance mismatching between antennas and instruments, and instrumental errors (like imperfections of the transmitter, receiver and positioner) result in measurement uncertainties. The connecting cables may leak and act as an antenna, which is also a major limiting factor for the measurement of R&S structures.
The atmospheric effects also affect the performance of R&S structures at larger measurement distances. The higher the atmospheric attenuation at MM and sub-MM frequencies is also an important issue associated with R&S structure measurement. Such high atmospheric attenuation may create amplitude variations during the measurement process. The scintillation and multipath propagation may take place due to a corresponding variation in the refractive index. The antenna misalignment may also result in a series of measurement errors (Kraus 1950) .
The measurement of curved shaped R&S composite structures is still a very challenging task for researchers. The damaged areas can be shadowed by curvature effects due to the change in beam incident angle and wave travelling distance. The beam incident angle and wave travelling distance increases in the curved part in the scan area, which results in difficulty of detecting damage in curved shaped R&S structures. Nowadays, researchers are incorporating FSSs with R&S structures for the performance enhancement of R&S structures. However, the incorporation of such advanced electromagnetic structures results in design complexity and, therefore, it is comparatively difficult to measure their performance using NDE techniques. Similar problems exist with the NDE of multilayered structures (i.e. FSS sandwiched and FSS impacted structures). However, advancement in comp uter hardware and software algorithms has enabled significant improvements. R&S design requires the designer to create custom algorithms for specific geometries to predict performance.
Conclusions and future scope
The measurement methods for electromagnetic performance evaluation and non-destructive structural evaluation of R&S structures have been developed enormously over the past few decades. Considerable advancements have been made in the field, which include development of new measurement strategies, modeling approaches, signal processing techniques, etc. The experimental techniques in use are based on proven and tested principles to measure the performance of aircraft composite structures in terms of their electromagnetic characteristics as well as load bearing capability. Microwave based measurement techniques such as TL and FSM have been found to be most useful approaches for evaluating the electro magnetic performance of R&S structures. On the other hand, MM-WI, THz-WI, PZT sensing laser UPI and FF-PF-UPI techniques including SFSM are the most versatile NDE methods adopted for R&S structures. The field of electromagnetic performance and NDE measurement of R&S structures has just begun and promises to bear much fruit in the coming years. Although in recent years attempts have been made to introduce useful NDE systems, further attention of researchers is still needed for the performance evaluation of complex shaped structures like curved and non-planar R&S structures. In addition, there is a strong need to focus on exploring some other cost effective measurement techniques for the performance evaluation and NDE of R&S structures.
